Ductal carcinoma in situ (DCIS) is a non-obligate precursor of invasive breast cancer and a frequent mammographic finding requiring treatment. Up to 25% of DCIS can recur and half of recurrences are invasive, but there are no reliable biomarkers for recurrence. We hypothesised that copy number aberrations could predict likelihood of recurrence. We analysed a cohort of pure DCIS cases treated only with wide local excision for genome-wide copy number and loss of heterozygosity using Affymetrix OncoScan MIP arrays. Cases included those without recurrence within 7 years (n = 25) and with recurrence between 1 and 5 years after diagnosis (n = 15). Pure DCIS were broadly similar in copy number changes compared with invasive breast cancer, with the consistent exception of a greater frequency of ERBB2 amplification in DCIS. There were no significant differences in age or ER status between the cases with a recurrence vs those without. Overall, the DCIS cases with recurrence had more copy number events than the DCIS without recurrence. The increased copy number appeared non-random with several genomic regions showing an increase in frequency in recurrent cases, including 20q gain, ERBB2 amplification and 15q loss. Copy number changes may provide prognostic information for DCIS recurrence, but validation in additional cohorts is required. Modern Pathology (2015Pathology ( ) 28, 1174Pathology ( -1184 doi:10.1038/modpathol.2015 published online 19 June 2015 Ductal carcinoma in situ (DCIS) is a proliferation of malignant cells within breast ducts without invasion through the basement membrane. A number of lines of evidence demonstrate that DCIS is a non-obligate precursor of invasive breast cancer, including the natural history of untreated DCIS, 1 the high risk of ipsilateral invasive breast cancer after a diagnosis of DCIS and the common clonal genetic events found in DCIS and synchronous or recurrent invasive breast cancer. 2 Prior to population-based screening mammography, DCIS was an unusual finding comprising only 3-5% of all breast neoplasms. Currently,~20% of cases of screen-detected breast neoplasia are DCIS. 3 Standard treatment has become wide local excision of DCIS with or without adjuvant radiotherapy. 4 Recent clinical trials have found that~25% of DCIS treated with local excision only will recur within 15 years, with the greatest risk of recurrence in the first 5 years. 5 Approximately half of the recurrences will be invasive carcinoma, requiring more extensive treatment, and with a possible decrease in disease-specific survival. 6 Radiotherapy reduces the recurrence rate by about 50%, so despite the fact that only small a small proportion of patients will benefit, many clinicians recommend radiotherapy because of the implications of invasive recurrence. The most commonly used predictive models to estimate the recurrence risk with or without radiotherapy include DCIS grade, tumour size, width
Ductal carcinoma in situ (DCIS) is a non-obligate precursor of invasive breast cancer and a frequent mammographic finding requiring treatment. Up to 25% of DCIS can recur and half of recurrences are invasive, but there are no reliable biomarkers for recurrence. We hypothesised that copy number aberrations could predict likelihood of recurrence. We analysed a cohort of pure DCIS cases treated only with wide local excision for genome-wide copy number and loss of heterozygosity using Affymetrix OncoScan MIP arrays. Cases included those without recurrence within 7 years (n = 25) and with recurrence between 1 and 5 years after diagnosis (n = 15). Pure DCIS were broadly similar in copy number changes compared with invasive breast cancer, with the consistent exception of a greater frequency of ERBB2 amplification in DCIS. There were no significant differences in age or ER status between the cases with a recurrence vs those without. Overall, the DCIS cases with recurrence had more copy number events than the DCIS without recurrence. The increased copy number appeared non-random with several genomic regions showing an increase in frequency in recurrent cases, including 20q gain, ERBB2 amplification and 15q loss. Copy number changes may provide prognostic information for DCIS recurrence, but validation in additional cohorts is required. Modern Pathology (2015) 28, 1174-1184; doi:10.1038/modpathol.2015.75; published online 19 June 2015 Ductal carcinoma in situ (DCIS) is a proliferation of malignant cells within breast ducts without invasion through the basement membrane. A number of lines of evidence demonstrate that DCIS is a non-obligate precursor of invasive breast cancer, including the natural history of untreated DCIS, 1 the high risk of ipsilateral invasive breast cancer after a diagnosis of DCIS and the common clonal genetic events found in DCIS and synchronous or recurrent invasive breast cancer. 2 Prior to population-based screening mammography, DCIS was an unusual finding comprising only 3-5% of all breast neoplasms. Currently,~20% of cases of screen-detected breast neoplasia are DCIS. 3 Standard treatment has become wide local excision of DCIS with or without adjuvant radiotherapy. 4 Recent clinical trials have found that~25% of DCIS treated with local excision only will recur within 15 years, with the greatest risk of recurrence in the first 5 years. 5 Approximately half of the recurrences will be invasive carcinoma, requiring more extensive treatment, and with a possible decrease in disease-specific survival. 6 Radiotherapy reduces the recurrence rate by about 50%, so despite the fact that only small a small proportion of patients will benefit, many clinicians recommend radiotherapy because of the implications of invasive recurrence. The most commonly used predictive models to estimate the recurrence risk with or without radiotherapy include DCIS grade, tumour size, width of the margin of normal tissue and patient age. 4 The evidence base for the selection criteria is inadequate as it is not possible to reliably identify the group of DCIS patients at minimal risk of recurrence. Consequently, clinical management of DCIS is problematic with many women being over-treated, whereas others potentially receive inadequate therapy. Genomic factors have not been widely used in the management of DCIS but have the potential to predict the outcome, in the way gene signatures are used to provide prognostic and predictive information for ER-positive and HER2-negative invasive breast cancer. 7 Breast cancer develops with the accumulation of somatic genetic alterations, including point mutations, copy number alterations (gains and losses), copy number neutral loss of heterozygosity and structural chromosome alterations, such as translocations. Breast cancer is considered to be a 'copy number' class tumour, whereby the predominant driver events are copy number alterations. 8 Based on copy number similarities, DCIS synchronous with invasive breast cancer appears to already be an advanced tumour; 9-11 however, 'pure' DCIS (i.e., DCIS in the absence of an invasive carcinoma) may have substantial biological differences to invasive breast cancer. For example, ERBB2 overexpression is significantly more frequent in pure DCIS (up to 50%) than invasive breast cancer (5-15%). 12, 13 The limited existing genetic data for pure DCIS 9, 14 suggests that copy number events are common and likely to reflect biological behaviour, such as likelihood of progression to invasive carcinoma.
In this study, we hypothesise that copy number profiles may be predictive of whether a case of DCIS is likely to recur or progress to invasive carcinoma. We compare pure DCIS cases with and without a subsequent recurrence using genome-wide SNP arrays.
Materials and methods

Tumour Samples, DNA Extraction and Copy Number Analysis
This study was approved by the Peter MacCallum Cancer Centre Human Research Ethics Committee (06/24). Cases were recruited as described previously through NorthWestern BreastScreen Victoria, a population-based mammographic screening service, between 1994 and 2005. 15 All women were treated with wide local excision but without radiotherapy. Non-recurrent cases were defined as those with no incidence of ipsilateral or contralateral DCIS or invasive breast cancer within 7 years of the primary DCIS diagnosis (n = 46). Recurrent cases were defined as those cases with recurrent ipsilateral DCIS (n = 11) or invasive breast cancer (n = 6) between 1 and 5 years after primary DCIS diagnosis. Cases with a recurrence within 12 months were excluded to reduce the likelihood that these were due to sub-optimal surgery, although in all cases margins were reported as clear. Exclusion of cases with recurrence after 5 years was implemented to reduce the chance of new independent primaries (i.e., nonclonal with the initial DCIS) being included.
Archived formalin-fixed, paraffin-embedded pathology blocks were obtained, and H&E sections were reviewed by two pathologists to identify areas of DCIS for microdissection. Tumour and normal cells were needle microdissected from 10 to 40 10-micron sections, and DNA was extracted using the Qiagen DNeasy Kit as described previously. 10 Of the 46 nonrecurrent cases, 15 were excluded owing to insufficient DNA. At least 35 ng of DNA from each DCIS (31 non-recurrent cases and 17 primary recurrent cases, including 8 cases with both the primary and recurrence tumour tissue) and matching normal cells extracted from the same tissue block (n = 26) were analysed for genomic copy number using the Affymetrix Molecular Inversion Probe 330 K array by Affymetrix OncoScan FFPE Express Services. 16 
Data Processing and Analysis
Data preprocessing was performed by Affymetrix OncoScan FFPE Express Services as described, 16 where all tumour samples were batch normalised against the normal patient DNA as well as internal Affymetrix controls. Data are available through GEO (Accession no. GSE66746). Genome build hg18 (March 2006) was used for probe locations. Samples were imported into Nexus (BioDiscovery, Hawthorne, CA, USA) and segmented using a circular binary segmentation algorithm. Gains were called if the log 2 ratio was 40.3 and losses at o − 0.3. High copy number gains were 41.2 and homozygous deletions o − 1.2. Segmented copy number data were also obtained from published studies [17] [18] [19] and imported into Nexus. Copy number thresholds of ± 0.2 were used for the invasive cohorts to take into account the higher level of normal cell contamination.
Comparisons between groups were made using Nexus applying thresholds of P o 0.05 and at least 25% frequency difference unless otherwise stated. Significantly different regions of copy number alteration were merged into a single interval if they were within 0.5 Mb and filtered to exclude small regions (o 0.5 Mb) if another similar region was not present within 10 Mb. The lowest P-value (from a segment of at least 50 kb in length) from within merged regions was used to annotate the region.
Droplet Digital PCR (ddPCR)
PCR validation of clonal copy number status was performed for ARID4B (Hs05760195_cn), ZNF217 (Hs01203936_cn) and ERBB2 (Hs00641606_cn) compared with the reference gene RNAseP (Hs01203936_cn) using Taqman probes (Life Technologies) and the QX200 ddPCR system (BioRad). The results were analysed using the QuantaSoft analysis software (Bio-Rad).
Immunohistochemistry
If available, ER status was taken from the pathology report (n = 8). ER and Ki67 immunohistochemistry was performed by the Peter MacCallum Cancer Centre Anatomical Pathology department using standard protocols. ER was scored using the Allred system. 20 Ki67 was scored using the ImageScope software (Leica Microsystems) and the Nuclear v9 algorithm to estimate the number of positively staining nuclei. Ki67 was scored as low if o12% of cells were positive, high if 419% of cells were positive and equivocal if between 12 and 19% of cells were positive.
Results
DCIS cases (n = 48) were ascertained from a population-based mammographic screening cohort with clinical follow-up available 15 (Table 1, Supplementary Table S1 ). All cases were treated by surgical wide excision only and were selected to enrich for high-grade cases (77% of cases compared with 58% in the full cohort 15 ). DNA was extracted and copy number was obtained by using SNP arrays ( Figure 1 ). For comparisons, we used our previously published analysis of DCIS synchronous with invasive breast cancer analysed on the same platform 10 and invasive breast cancer cases from the META-BRIC study, 19 TCGA 18 and from a study of early-stage breast cancer also using the OncoScan assay (Brewster cohort 17 ).
Comparison of Pure DCIS to Synchronous DCIS and Invasive Breast Cancer
In pure DCIS, the fraction of the genome affected by copy number alterations ranged from 0.03 to 55% with a diverse range of recurrent gains and losses observed ( Figure 1) . When compared to CN data from three published cohorts of invasive breast cancer, the pure DCIS cases were broadly similar in the frequency of copy number alteration at specific loci ( Figure 1 ) and the overall fraction of the genome altered ( Table 1 ). The exception was the META-BRIC cohort, which had a lower fraction altered than all other groups; however, examination of this cohort using the ASCAT algorithm 21 suggests that many cases had a high level of normal cell contamination. The overall pattern of gains and losses was similar between pure DCIS and invasive breast cancer with commonalities such as frequent gains on 8q and 16p and losses on 8p and 17p. The most consistent differences were lower frequency of pure DCIS cases with 1q gain and more DCIS cases with 17q gain, including ERBB2 as well as more distal regions ( Figure 1 , Supplementary Table S2 ).
As we have previously reported, synchronous DCIS generally appears to be an advanced lesion with most of the same copy number changes as the synchronous invasive cancer; 9-11 this likely represents an entity with invasive capacity that is potentially quite distinct from pure DCIS. The synchronous DCIS cases (n = 18) had a higher fraction genome altered with an average of 29% of the genome affected compared with 17.5% of the pure DCIS cases (Figure 1b ; P = 0.004, Mann-Whitney two-tailed). Compared with the synchronous DCIS, the pure DCIS had fewer 1q, 5p and 8q gains, and 1p, 6q, 9q and 13q losses, but a higher frequency of 20q gains. However, the synchronous cases had a higher proportion of ER-negative cases (61 vs 21%, P o 0.01 Fisher's exact test) and a slightly different distribution of grade (P = 0.05, 3 × 2 Fisher's exact test), which may have confounded these genomic comparisons.
Clonal Analysis of Primary and Recurrent Tumours
Within the cohort were included patients who had an ipsilateral recurrence of DCIS (n = 9), DCIS with a microinvasive component (n = 2), invasive breast cancer with DCIS (n = 5) or invasive breast cancer alone (n = 1) within 5 years of the primary cancer diagnosis (n = 17, Supplementary Table S3). We were able to obtain copy number data from eight of the recurrent tumours; six DCIS, one invasive breast cancer and one mixed DCIS and invasive breast cancer. Compared with the matched primary tumours, there was no significant difference in the fraction genome altered (Wilcoxon matched-paired test, Supplementary Figure S1 ). However, there was a large variation in the copy number altered base pairs showing the same event (gain or loss) between the matched pairs, ranging from 11 to 58%. Six cases showed clear clonal copy number events, including shared breakpoints (Supplementary Figure S2) . The case with mixed DCIS/invasive breast cancer recurrence showed a clonal relationship of the primary with the invasive breast cancer but not the DCIS part of the recurrence, suggesting that the latter was a new primary (Supplementary Figure S1) . One primary case with a DCIS recurrence (T12664/T38458) only shared a gain of 16p with a similar pericentromeric breakpoint (but did not share imbalance of the same alleles), and both tumours had multiple distinct copy number events (only 11% shared). A final case with invasive breast cancer only recurrence (P15661/P17661) shared 16% of copy number changes but none of these had shared breakpoints and may comprise random overlap of common events.
For the remaining 9 cases with no recurrence array data, 6/8 pairs shared the same grade (one case lacked information on the recurrence). For 5 cases with immunohistochemistry available, 3/3 pairs shared profiles (ER, Ki67 and HER2) consistent with a clonal relationship, and a further 2/2 pairs shared the same ER status. We also obtained ddPCR data for four cases: three showed concordant gains, while one showed one concordant and one discordant gain. Thus the majority of cases (15/17) lacked evidence to exclude a clonal relationship between primary and recurrence. Two cases (12%) appeared not to share a clonal relationship by copy number array and were excluded from subsequent analyses.
Identification of Copy Number Events Associated with Recurrence
We selected a subset of intermediate or high-grade cases of DCIS with and without recurrence (n = 15 and 25, respectively) to identify copy number changes associated with recurrence. Six low-grade non-recurrent cases were excluded on the basis that no low-grade tumours were present in the recurrent cohort and copy number differences between highand low-grade DCIS have been reported. [22] [23] [24] There were no differences in grade, ER status, Ki67 staining and patient age between the two groups, although tumour size was slightly larger in the recurrence cohort (P = 0.04, Table 2 ). The fraction genome altered was significantly different (P = 0.03, MannWhitney two-tailed) between the non-recurrent (15.7%) and recurrent cases (23.7%), and it was notable that only 2/15 of the recurrent cases had a fraction genome altered o 10% compared with 12/25 of the non-recurrent cases (P = 0.04, Fisher's exact test).
Comparison of the copy number events between the recurrence and non-recurrence groups identified a number of differences ( Figure 2 , Table 3,  Supplementary Table S4 ). The most significant (P o 0.001) were gain of 20q (Figure 2b ) and loss on 15q and 10q. These differences were also reflected in the allelic imbalance, with significantly different regions identified on 10, 15q and 20q. Allelic imbalance on chromosome 10 affected most of the chromosome but was unusual in that it was not associated strongly with copy number status (Figure 2c ). Copy number gain was somewhat more common on 10p (9/15 gain vs 6/15 loss or copy number neutral allelic imbalance), while copy number loss was more common on 10q (8/14 loss vs 6/14 gain or neutral).
We considered whether there were any copy number differences between DCIS that recurred as DCIS (n = 8) or as invasive/microinvasive disease (n = 7) (Supplementary Figure S3 ). There were no striking differences although gain of 20p12 and 20q11 were slightly higher in DCIS recurring as invasive breast cancer (P o 0.01), while 2p24-25 gain and 17p loss were more frequent in DCIS recurring as DCIS (P o 0.05). Table  S2 ). For example, within ERBB2+ cases, those with recurrence had more frequent gain of 11q, including CCND1 (P = 0.01), while for the ERBB2 − recurrence cases 7p11 gain was more frequent (at EGFR, P = 0.008). Intriguingly, 13/15 (87%) DCIS with recurrence had either ERBB2 high-level amplification or EGFR gain, compared with 9/25 (36%) nonrecurrences (P = 0.003). We evaluated EGFR staining by immunohistochemistry in three recurrent cases with chromosome 7 gain. Two cases with low-level gain were EGFR negative; however, one case with a high-level gain of EGFR showed some protein positivity in a low percentage of cells (o 10%). These results suggest that either EGFR is not the target of the chromosome 7 gain in these cases and/ or that the gains were sub-clonal and not represented in the sections used for immunohistochemistry.
If gain of 11q or 7p was a marker of DCIS aggressiveness, we might predict a higher percentage of cases with gain of these regions in invasive cohorts compared with DCIS. However, when stratifying the invasive cases by ERBB2 copy number status, the frequency of 11q or 7p copy number gain was not increased in any invasive breast cancer cohort compared with DCIS ( Supplementary Figures S6 and S7 ).
ER Status is Associated with Different Copy Number Changes in DCIS Recurrence Cases
We stratified the pure DCIS cohort by ER status and repeated the comparison between recurrent and nonrecurrent cases. The strongest differences within ER − cases were loss on 15q25.3 and allelic imbalance on 10p15.1 (P = 0.005 for both, Supplementary   Figure 1 Copy number analysis of pure DCIS. (a) Frequency plots of copy number gain (blue) and loss (red) in pure DCIS, DCIS synchronous with invasive breast cancer and invasive breast cancer. 17 Below are difference plots comparing pure DCIS with invasive breast cancer and pure DCIS with DCIS synchronous to invasive breast cancer. Blue line is the difference in gain frequency; red is the difference in loss frequency. Regions of gain that are more frequent in pure DCIS are below the line, and regions of loss more frequent in pure DCIS are above the line; vice versa for the comparator data set. Bars underneath show significant regions of difference at P o0.05 (uncorrected), with a difference of 425% for the synchronous comparison and 415% for the invasive breast cancer comparisons. Copy number spikes in the TCGA data are copy number polymorphisms generally not detectable on the lower resolution Oncoscan array. Figure S10 ), but other differences were not as strong. Inversely, in ER+ cases most differences were maintained; however, losses at 15q and allelic imbalance on chromosome 10 were less significant. Thus the changes on chromosomes 10 and 15 may be more specific to ER − cases. Consistent with this idea, 10p gain and 15q loss are more frequently observed in ER − invasive breast cancer compared with ER+ invasive breast cancer and also more frequently in ER − invasive breast cancer compared with ER − DCIS ( Supplementary Figures S8 and S9 ). Thus genes on 10p and 15q could be important for aggressiveness and/or invasive potential in ER − DCIS cases.
Subgroup Comparisons of DCIS Copy Number
We performed sub-analyses on the pure DCIS cohort, comparing copy number differences by grade, ER status and ERBB2 copy number amplification status and looking for consistencies with published invasive breast cancer copy number data (Supplementary Figure S11 , Supplementary Table S5 ). The differences between groups within DCIS were often also observed in the invasive breast cancer data, for example increased 16p gain in ER+ cases and more frequent 8q gains and 5q, 14q and 15q losses in ER − cases. High-grade cases had more frequent 8q gain but less 16q loss compared with low-grade cases, similar to previous reports. [22] [23] [24] The ERBB2+ DCIS cases shared increased gains on 17q and losses of 8p with the ERBB2+ invasive breast cancer cases, but the consistent increase in 8q gain in the ERBB2+ invasive breast cancer cases was not statistically significant in the DCIS cases. This might suggest that gain of this chromosome arm differentiates the type of ERBB2+ cases that have become invasive. Copy number of recurrent DCIS
Discussion
Our study has been performed on a carefully selected cohort, comprising tumours treated only with wide local excision but all with clear margins, no radiotherapy and either with at least 7 years of follow-up or with a recurrence at least 12 months but o 5 years after initial surgery. The cohort has enabled us to undertake a comparison of copy number between DCIS that have recurred and those that have not. This is the first such study to be undertaken and only the second study to report copy number changes in DCIS with follow-up data. The only previous study used cytogenetic CGH to compare 18 DCIS cases with their recurrences and found 1/18 cases to be non-clonal. 27 However, they did not compare their data to non-recurrent cases, and in addition, their cohort included a range of grades and, most critically, cases with involved margins. The presence of DCIS in the margins is a prognostic factor (reviewed by Benson and Wishart 4 ) that we have removed in our current study. Nonetheless, the high proportion (6/8) of DCIS sharing clonal genetic changes with the recurrences in our study implies that some tumorigenic cells must be left behind after surgery and are able to re-establish a tumour within 5 years. Identification of DCIS cases with or without the capacity for such regeneration from a small population of remaining cells would enable stratification for radiotherapy. The cases analysed here were not treated with radiotherapy; therefore, it is not certain whether the regions we identified would be predictive of a good outcome under radiotherapy conditions. This possibility will be important to test in the future. In this study, DCIS with recurrence had significantly more copy number changes overall and specifically had a higher frequency of 20q gain, 15q loss, chr10 allelic imbalance and, to a lesser extent, ERBB2 amplification. There are many plausible cancer-driver genes within these regions, such as ZNF217, 28,29 NCOA3, 30 GNAS 31 and AURKA 32 on 20q, GATA3 on 10p 18, 33 and NTRK3 on 15q. 34 Subanalyses identified CCND1 amplification to be enriched in ERBB2-amplified recurrence cases. All of these genes have previously been implicated in breast cancer pathogenesis, and NCOA3 has recently been shown to be a critical gene in the development and maintenance of DCIS. 35 The allelic imbalance identified on chromosome 10 was somewhat complex. The signal was strongest on the p arm, where cases had gains (3 nonrecurrent, 7 recurrent), losses (1 non-recurrent, 3 recurrent) and copy number neutral allelic imbalance (3 recurrent). On the q arm, recurrent cases with allelic imbalance were more likely to also have copy number loss (n = 6) or no copy number change (n = 2), while non-recurrent cases had a mixture of allelic imbalance with gain (n = 2), loss (n = 2) and neutrality (n = 2). Thus it is not clear what gene(s) are being targeted. Gain of 10p is most commonly seen in 19 It is possible that the allelic imbalance signal observed is a combination of gain of an unknown oncogene on 10p, loss of some tumour-suppressor gene such as PTEN (10q) and possibly selection for a sequence variation on either 10p or 10q, such as in GATA3 or FGFR2.
Regions of allelic imbalance, gain or loss were often non-overlapping from case to case, suggesting that more than one gene may be the target across multiple samples. This complex pattern requires many more samples to be analysed with a technique such as massively parallel sequencing that would enable all possibilities to be examined simultaneously. We found that DCIS cases with recurrence had a higher level of genomic instability than those without recurrence. In a recent aCGH study, large (440 mm) high-grade DCIS without invasion were compared with small (o 15 mm) high-grade DCIS. 36 The smaller tumours had a slightly higher overall level of genomic aberrations and non-significant increases in 8q and 20q gain frequency, the latter present in 27% of large and 48% of small cases. This result suggested that large tumours without progression, and thus presumably with a less aggressive phenotype, had fewer copy number changes, similar to that observed in our study for non-recurrent cases.
Levels of genome instability have previously been associated with both better and worse clinical outcome in a variety of tumour types. On the one hand, ongoing genetic instability may predispose to better outcome due to sensitivity to genotoxic chemotherapeutic agents, as suggested for BRCA1/BRCA2-deficient ovarian carcinomas. 37 In contrast, clonal evolution theory supports the concept of a high level of preexisting genetic variations and tumour heterogeneity providing multiple options for clonal selection under stress. In breast cancer, this dichotomy is supported by a chromosomal instability expression signature that showed a better prognosis for the fourth quartile (most genetically unstable profile) but a worse prognosis for the third quartile. 38 In other studies, image cytometry has found breast cancers with high and more heterogeneous DNA content to have worse outcome, 39, 40 and specific patterns of copy number variation identified by array CGH have also been correlated with survival. 41 In the context of DCIS untreated by radiotherapy or chemotherapy, a higher level of genomic instability may provide greater genetic diversity to promote survival of disseminated cells after surgery. This possibility is supported by the highly divergent copy number profiles of some of the later recurrences compared with the primary tumours, where, despite a clear clonal origin, multiple unique copy number events in both tumours are indicative of high tumour heterogeneity.
The principal objective of this study was to identify regions of genomic aberration in DCIS that might predict recurrence following surgery. No previous studies have attempted to find such regions; however, immunohistochemical markers and gene expression profiles have been evaluated. In some of the largest studies to date, ERBB2, COX2 and p16 have emerged as the most promising candidates. 25, 26, 42 As in our study, ERBB2 positivity appears to be more predictive for recurrence as DCIS rather than invasive breast cancer. A recent study using immunohistochemistry as a surrogate for intrinsic subtyping was unable to find a prognostic signature for DCIS, despite its relatively large size. 43 The difficulty in implementing predictive markers for DCIS remains the availability of large cohorts with consistent treatment for validation, and our study is no exception. Despite starting with a database of 4400 screen-detected patients, we were only able to retrospectively identify o 20 suitable DCIS cases that had recurred in under 5 years, had tissue available, clear margins and high grade. A concerted prospective international effort will be required to validate the regions we have identified and evaluate their usefulness in a clinical setting. Validation would be facilitated by the development of in situ assays to extend the number of cases beyond those able to be microdissected for DNA. 
